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Since the first operation of a Free Electron Laser at Stanford1,2 in 1976 and 1977, a significant effort on the part of a number of groups worldwide has been applied to the development of the theory of the device. However, due to the scarcity of adequate quality high energy electron beam sources, the difficulties involved in working with such machines, and the consequent planning time involved in setting up an experiment, three years elapsed during which the explosive growth of our theoretical understanding remained unsupported 3 by further experimental work The present work is a result of a LURE-Stanford collaboration undertaken in 1979 to build and examine the characteristics of a storage ring free electron 4 laser on the storage ring ACO . A 23 period superconducting undulator with a 4 cm wavelength and 4 kg design field5 was at that time under construction. The undulator was mounted on ACO in the straight section as shown in Fig. 1 , and the characteristics of the spontaneous emission were measured6 both at the injection energy, 240 Mev, and at 150 Mev. In this paper, we report the measurement of the gain of the storage ring laser in the visible region of the spectrum. (We are informed of a similar experiment on VEPP 3 in Novosibirsk, which apparently has yielded inconclusive results).
In view of the small gain anticipated for the ACO system, the gain measurement apparatus has been designed to have a signal-to-noise ratio unity for a peak gain of 3 x 10 . Since the low current bunch length in ACO is .21 nsec (FWHM) at 150 Mev while the orbit time is T = 73.3 nsec, this implies unity signal-to-noise for a mean gain of 10 , a performance exceeded by our present apparatus.
The experimental layout is shown in Fig. 2 . A linear polarized CW argon laser operating at either 4880 AO or 5145 A0 is focussed to a waist in the center of the undulator with its direction of propagation aligned along the axis of the electron beam. A portion of the laser beam is amplified each time a stored electron bunch passes through the undulator. The amplified beam is focussed on a detector, and a signal is observed with a synchronous detector at either 13.6 or 27.3 MHz according to the number of bunches stored in ACO at the time. The spontaneous radiation emitted by the electrons has the same time structure as the gain, but is typically orders of magnitude larger. To eliminate the spontaneous signal, the laser is chopped at lowfrequency, and the difference signal, which is proportional to the gain only, is extracted by a second synchronous detector. The energy of ACO is then swept across the resonance energy, and the antisymmetric gain curve is observed.
The detector is coupled to a resonant 10-1 impedance transformer to reduce the noise bandwidth at the preamp and increase the sensitivity of the system at the signal frequency. The RF signal is then amplified and mixed with a reference signal generated from the frequency synthesizer which drives the ACO RF cavity. It is filtered at 100 Hz with a band pass filter, and the gain signal is extracted and filtered in a lock-in amplifier slaved to the chopper. A second, low frequency signal proportional to the total incident power is extracted from the bias circuit of the diode, and used to calibrate the system. The detector is a 350 MHz photoconductive silicon diode. The diodes renders the system susceptible to a peculiar kind of feedthrough which must be avoided. The argon laser, by far the largest signal impinging on the diode, creates a large number of carriers in the depletion zone, modulating the impedance of the diode in phase with the chopper. The spontaneous radiation, the next largest signal, and already in phase with the RF, produces a small signal modulated at the chopper frequency due to the impedance modulation, and appears as a distortion in the gain measurement. Fortunately, it is possible to separate the gain signal from the spontaneous feedthrough by their opposite symmetries about the resonance energy. The small symmetric distortion evident in the gain signal of Fig. 3 is the residual effect of this feedthrough. In future experiments, it is planned to use a vacuum photodiode which is not susceptible to impedance modulation if the space charge limited region is avoided.
It is important to reduce the ratio of the spontaneous to the gain signal power received at the detector in order to reduce feedthrough and avoid saturation on the mixer in the high frequency synchronous detector. Two means exist to accomplish this goal. large scatter is observed in the measured gain. The final alignment proceedure would be a small adjustment of the laser transverse position with a distant mirror so that the angle remains within the acceptance (1).
This step, which has not yet been done due to the lack of differential micrometers for beam steering, can only be accomplished using the gain signal itself as diagnostic.
In order to obtain the results shown in this paper, it was necessary to modify ACO so that its operation would be stable at 150 Mev, 40% lower than the design energy. An old set of sextupoles has been brought into To obtain oscillation at these extremely small gains would require the acquisition and preservation of a set of truly exceptional cavity mirrors. The gain can be increased through the use of an optical klystron in the place of the present undulator, and work is now under way to accomplish this. The gain apparatus will be required as a diagnostic for any forseeable storage ring laser operation, and it is being prepared, as much as possible, for routine use.
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